Erbium (Er)-doped ZnO thin films were grown on fused silica (SiO 2 ) substrates by pulsed electron-beam deposition (PED) and analysed by Rutherford backscattering spectrometry (RBS), ultraviolet-visible absorption, and photoluminescence (PL). Subsequent annealing at 700
Introduction
Erbium-doped semiconductors are considered to be promising optical materials for optoelectronic devices [1] [2] [3] . Recently, ZnO has attracted increased attention as a candidate host material for Er doping. ZnO is a wide-band-gap semiconductor with an oxide phase, which is applicable to the excitation of Er. It also has a high electrical conductivity, which is essential for the realization of actual current-injection opto-electronic devices [4, 5] . Other notable properties of ZnO include a large exciton binding energy and a large Zn-O bond strength, which allows a high laser irradiation [6] . The Er-doped ZnO films have been fabricated using many techniques, including sintering [7] , wet processing [8] , ion implantation [9, 10] , textured spraying [6] , electron-beam evaporation [11] , and pulsed-laser deposition (PLD) [4, 12, 13] . It has been reported that the emission of Er ions in ZnO films is inhomogeneously broadened, similar to that in amorphous materials, suggesting that rare earths are accumulated at the grain boundaries of polycrystalline ZnO films [9, 14] .
Material ablation by a pulsed electron beam (e-beam) is based on transient heating and evaporation. An e-beam with a pulsed width of 100 ns is generated by a commercial channelspark source (PEBS-20) from Neocera Inc. Briefly, this source behaves similarly to a plasma diode. The discharge medium is a plasma, which connects the cathode (inside of the source) and the anode (outside of the source). Generation of the pulsed e-beam starts with triggering and ends as the conductivity of the entire plasma conductor becomes high enough to draw a large current from a capacitor bank, causing breakdown of the diode. During this process, electrons accelerate from the cathode plasma to the anode plasma, as facilitated by the charging potential. These electrons constitute the pulsed e-beam, which is delivered to the target via a dielectric channel with an inner diameter of around 3.2 mm. Thus, a high beam current density of the order of 10 6 A cm −2 can be achieved. The average electron energy can be adjusted from 8 to 20 keV by varying the charging potential of the channel-spark source. The total e-beam energy is transferred to the target with transfer efficiency of around 30% [15] . This is responsible for the transient local heating on the target that consequently leads to evaporation. The rate of temperature increase for the local spot is directly proportional to the power density of the incident e-beam and inversely proportional to the product of the target specific heat capacity, target density and thermal diffusion length. PED offers several unique advantages over PLD, such as high beam-to-target energy transfer efficiency and the ability to ablate materials with high optical transparency and reflectivity. The e-beam also promotes dissociation, excitation, and ionization of the fill gas, which could be utilized to form compounds such as oxides and nitrides. PED has been around since the early 1990s, but most of the applications have been for the fabrication of high-T c superconducting cuprates. Only recently has it been employed to deposit zirconium tin titanate films (ZrSnTiO 4 ), zinc oxide films (ZnO), and tin oxide transparent conducting films (SnO 2 ) [16] .
In this paper, we report on Er-doped ZnO films grown on fused silica substrates by PED followed by thermal annealing. We characterized films both before and after annealing using Rutherford backscattering spectrometry (RBS), ultraviolet-visible absorption, and photoluminescence (PL). The PL was measured at two excitation wavelengths 325 and 488 nm. The 325 nm (above-band-gap excitation) is used for exciting the host semiconductor ZnO, while 488 nm is used for directly exciting doped Er 3+ ions in the ZnO film to the 4 F 7/2 level. The luminescence spectrum from annealed Er-doped ZnO film revealed sharp and well-resolved peaks under 488 nm excitation, which suggest that Er ions in the ZnO host are surrounded by a crystal field of noncubic symmetry.
Experimental procedures
Er-doped ZnO films were grown on fused silica substrates by PED, using a Model PEBS-20 from Neocera Inc. The size (L × W × T ) of the substrate is 8 mm × 8 mm × 1.5 mm. The deposition was performed under an oxygen pressure of 12 mTorr, with an electron energy of 19 keV, and a total of 20 000 shots at a pulse repetition rate of 2 Hz. Figure 1 shows a schematic layout of the PED system that was used. The distance between the target and the substrate is 45 mm. Four substrates were set at the centre of sample holder, with the front surface facing the target. The ablating target used in this work was a sintered pellet of a ZnO and Er 2 O 3 mixture. The batch powders of 98.5 mol% ZnO and 1.5 mol% of Er 2 O 3 were thoroughly mixed in an agate mortar. The mixed powders were then compressed using a hydraulic press to form a pellet; the pellet was further sintered at 1400
• C for 8 h to obtain the compact target. Thermal annealing of Er-doped film was performed at 700
• C in air for 2 h. The Rutherford backscattering spectra (RBS) was measured using 1.8 MeV He 2+ ions at a scattering angle of 175
• . UV-visible absorption of the films on fused silica was measured from 300 to 800 nm using a Cary dual-beam spectrophotometer.
Photoluminescence was measured at two laser excitation wavelengths. A HeCd laser (KIMMON model IK320R-D) at 325 nm was used as the above-band-gap excitation source, and an argon ion laser (Coherent Innova 90) at 488 nm was used for an Er 3+ direct excitation source. The PL with 325 nm excitation was measured using an Oriel monochromator MS257™ with a thermoelectric (TE) cooled CCD detector, and the PL with 488 nm excitation was measured using a Spex Model 1403 double-grating spectrometer with a cooled RCA31034 PMT and a photon-counting system. The incident laser power that was used was 20 mW for a HeCd laser (the estimated intensity at the focus is about 3.0 × 10 4 W cm −2 ) and 150 mW for an argon ion laser, respectively. The luminescence was measured at room temperature. Figure 2 shows the RBS profile of the annealed Er-doped ZnO film on a SiO 2 substrate. The profile of the as-deposited film is similar, suggesting that the oxygen deficiency is not significant, as the film was grown under an O 2 atmosphere. There are small differences in the film thickness between the four samples in a batch. The difference in integrated peak counts in RBS is within ±7% and the Er/Zn ratio is within ±2% for four samples in a batch. The stoichiometric ratio of Zn and Er was determined using the formula:
Results and discussion
where A i is the integrated peak count and σ i (E, θ) is the cross section for compound i . The Er-doping level calculated using RBS data and equation (3.1) is 5.8 at.%. This Er-doping level in the film is significantly higher than that in a batch composition of target pellet, which is 3 at.%. The material in the deposited film came from very near the surface of the target pellet being ablated. The increased Er-doping level in film suggests that the surface layer of the target has a higher Er concentration than the batch composition. It has been reported that rare-earth ions in ZnO start to diffuse towards the surface at temperatures above 900
• C [17] . Therefore, an increase in Er concentration in the surface layer of the pellet is expected because of the high-temperature sintering process (1400
• C for 8 h). The film thickness was determined by comparing the integrated count of Zn peaks in the RBS of the film studied and that of the Zn peak in the RBS of a reference ZnO film with a known thickness, and by adding 8.1% for an estimated correction for the Er doping. This estimated correction is based on the Er concentration and the density ratio of ZnO/Er 2 O 3 . The thickness thus calculated is 130 ± 8 nm. Figure 3 shows the UV-visible absorption spectra of (a) as-deposited, (b) heat-treated Erdoped films, and (c) the absorption of SiO 2 substrate as a reference. The annealed Er-doped ZnO film shows a sharp absorption edge at about 375 nm (3.3 eV). In contrast, the as-deposited Er-doped film shows a UV absorption tail extended to about 400 nm; the UV absorbance is significantly lower than that of the annealed film. The absorption spectra provide evidence for the formation of crystallized ZnO grains after annealing, because the sharp absorption edge at about 375 nm is an intrinsic property of ZnO crystal.
The PL spectra excited at 325 nm by a He-Cd laser are shown in figure 4 for the Er-doped film before and after annealing, and also for an undoped ZnO film grown by PED under the same conditions for comparison. The PL of as-deposited films show only an intense near-bandedge emission band peaked at 379 nm. However, the PL of annealed films shows two emission bands: a near-band-edge emission (NBE) peaked at about 380 nm and a visible broad band from 450 to 680 nm, attributed to deep-level emission (DLE) [18, 19] . The NBE is attributed to excitons of the ZnO crystal, while the DLE is attributed to defects and impurities [18, 19] . The annealing at 700
• C produced remarkable effects on activating DLE: the DLE increases, while the NBE decreases. The increase in DLE is much more significant for Er-doped ZnO film than that of ZnO film, as shown in traces (b) and (d) in figure 4 . The peak intensity ratio of DLE to NBE is 4.9 for Er-doped ZnO film, compared to 1.5 for ZnO film. Therefore, Er doping plays a role in the remarkably increased DLE. Previous studies reported that the intentionally doped impurities could provide a significant contribution to DLE, for example by providing donor-acceptor pairs in ZnO [18, 19] . The majority of Er in ZnO is likely to be associated with rare earths occupying substitutional Zn sites [9] , and the local lattice is modified because of the different oxidation states and ionic sizes of Er and Zn ions [5, 13, 20, 21] . The incorporation of Er ions in the ZnO lattice is therefore expected to increase the deep-level states. Annealing at 700
• C could allow the reorganization of the oxygen around Er ions and the growth of ZnO crystalline grains in the film, and therefore it could make deep-level states optically active. The PL results suggest that the generated electron-hole pairs (excitons) recombine non-radiatively by exciting deep-level states during 325 nm pumping, resulting in an increase in DLE and a decrease in NBE. Energy transfer might also occur between excitons and Er 3+ ions [12] , however we did not observe Er 3+ emission peaks in the visible region. It might be possible that the weak emission peaks of Er 3+ ions were embedded in the trace of a strong DLE. The PL spectra excited at 488 nm are shown in figure 5 for the Er-doped film before and after annealing, and also for an Er-doped germanate glass sample with 2 mol% of Er 2 O 3 for comparison [22] [23] [24] . The Er 3+ emission is very weak for as-deposited film but significantly enhanced for annealed film. The intra-4f transition is forbidden in an isolated Er, but a crystal field produced by the ligands can make it allowed [21, 25] . Therefore, the reorganization of oxygen atoms around the Er ions by annealing could lead to a much stronger Er 3+ emission [5, 13] . The green emission ranging from 540 to 564 nm can be identified with [3, 28, 29] . The 4 I 15/2 multiplet can split into eight levels and 4 S 3/2 to two levels in a single site by a non-cubic crystal field [29] . The abundant sharp peaks in spectrum 5(b) suggest that Er ions in the ZnO host are surrounded by a crystal field of non-cubic symmetry, and that it may have more than one site. In comparison, PL from Er-doped glass in figure 5(c) shows a smooth profile of emission, which is the results of the 4 I 15/2 multiplet splitting combined with inhomogeneous broadening generally seen in an amorphous host [3, 28] . The well-resolved splitting feature of PL provides the evidence that the Er 3+ ions are incorporated inside ZnO crystalline host after annealing [28, 29] . In figure 5(b figure 5(c) ). According to our previous studies, a relatively increased red-to-green emission ratio is attributed to energy transfer between excited Er 3+ ions [3, 22, 27] . In addition, the background of spectrum ( figure 5(b) ) is very weak, which indicates no significant energy transfer between excited Er 3+ ions and deep-level states under 488 nm excitation.
Conclusion
We have, to our knowledge, fabricated the first Er-doped ZnO film using pulsed electronbeam deposition. Subsequent annealing at 700
• C produces remarkable effects on the optical properties of Er-doped film. We observed sharp and well-resolved emission peaks for Er 3+ ions in ZnO film, which suggests that the Er ions have been incorporated inside the crystalline ZnO grains after annealing.
